In this paper, a new adaptive nonsingular terminal sliding mode control theory based impact angle guidance law for intercepting maneuvering targets was documented. In the design procedure, a new adaptive law for target acceleration bound estimation was presented, which allowed the proposed guidance law to be used without the requirement of the information on the target maneuvering profiles. With the aid of Lyapunov stability criteria, the finite-time convergent characteristics of the line-of-sight angle and its derivative were proven in theory. Numerical simulations were also performed under various conditions to demonstrate the effectiveness of the proposed guidance law.
Introduction
Proportional navigation guidance (PNG) law and its variants have been widely used for tactical missiles in the past few decades due to their efficient and easy implementation [1] [2] [3] . For non-maneuverable or weakly maneuverable targets, the classical PNG law is proven to be optimal for minimization of both the miss distance and energy consumption [4] . However, as the maneuverability of a target increases, the performance of PNG becomes worse, and lacks robustness [2] . For the interception of agile targets, many effective guidance laws have been reported in the literature. One study proposed a novel H ∞ nonlinear guidance law, which does not require the information about the target acceleration [5] . However, the implementation of this guidance law requires the associated Hamilton-Jacobi partial differential inequality to be solved. By regarding target acceleration as a completely unknown but bounded disturbance, a disturbance attenuation L 2 index was formulated in [6] to derive a robust guidance law based on nonlinear missile-target relative dynamics. In [7] , by solving the linear matrix inequalities from a pole placement problem, the authors examined a Lyapubovbased nonlinear guidance law, where the state of the guidance system was proven to converge into a compact set. However, although the convergent rate could be tuned by appropriate pole selections, only asymptotic stability was demonstrated for both the non-maneuvering and constantly maneuvering targets. The authors in [8] utilized the receding horizon control method to obtain a general guidance law, demonstrating the possibility for online optimization of the guidance law by using a differential flatness concept to decrease dimensional space and b-spline curves to approximate the flat output. In [9] , the authors researched a robust proportional navigation guidance (RPNG) based on the sliding mode control (SMC) theory for intercepting maneuvering targets, in which a first order autopilot lag was also considered. In [10] , the authors adopted integral sliding mode control (ISMC) theory, which does not require any reaching phase, to derive an augmented 3D true PNG law for highly maneuverable targets.
For modern application, guidance law with terminal impact angle constraint has been extensively studied by many researchers to increase the effectiveness of the warhead carried by the missiles. The authors in [11] proposed a suboptimal guidance law for reentry This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/bync/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 
where f  denotes the final LOS angle.
, is defined as: 
For a pre-designated target, both Tf  and T V are unique, hence, the terminal LOS angle and impact angle have a one-to-one correspondence. Without loss of generality, we consider the terminal LOS angle constraint throughout this paper.
Guidance Law Design
Differentiating Eq. (2) with respect to time yields
Let e be the LOS angle error, i.e. 
The NTSM surface is selected as   The acceleration command is designed as
Since V T <V M , it can easily be deduced that:
5 Substituting Eq. (6) into (7) yields
For a pre-designated target, both
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The NTSM surface is selected as 
and V T are unique, hence, the terminal LOS angle and impact angle have a one-to-one correspondence. Without loss of generality, we considered the terminal LOS angle constraint throughout this paper.
Differentiating Eq. (2) with respect to time yields the following:
Differentiating Eq. (2) with respect to time yields 
Let e represent the LOS angle error, i.e.
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. Denote 
are two positive integers, and 
re two positive integers, and
, then, the LOS angle error dynamic equation can be written as follows:
Let e be the LOS angle error, i.e.
x e  , then, the LOS angle error dynamic equation can be written as
The NTSM surface is then selected as:
5
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, p, q are two positive integers, and (8) (9) ue, hence, the terminal LOS angle and impact of generality, we consider the terminal LOS (10) e 1 x e  , 2 x e  , then, the LOS angle error
itive integers, and
denotes the sign function. The acceleration command is designed as:
where K>0, (11) and (13) into Eq. (15) gives 
Consider the following Lyapunov function candidate
Differentiating Eq. (17) with respect to time and substituting Eqs. (14) and (16) (11) and (13) into Eq. (15) gives 
Consider the following Lyapunov function candidate (11) and (13) into Eq. (15) gives 
Consider the following Lyapunov function candidate (11) and (13) into Eq. (15) gives (12) and the control law is designed as (13) , subject to the adaptive law (14) , then the states of system (11) converge to zero in finite time.
Proof. Differentiating Eq. (12) with respect to time yields:
  , and  denotes the estimation of  , which is gover adaptive law (11) and (13) into Eq. (15) gives 
Consider the following Lyapunov function candidate 
Substituting Eqs. (11) and (13) into Eq. (15) gives the following: 
Theorem 1. Let      be the estimation error, for the error dynamic system (11), if the NTSM surface is as (12) , the control law is designed as (13) subject to the updating law (14) , then  is ultimately uniformly bounded and the states of system (11) converge to zero in finite time.
Proof. Differentiating Eq. (12) with respect to time yields
Substituting Eqs. (11) and (13) into Eq. (15) gives 
Differentiating Eq. (17) with respect to time and substituting Eqs. (14) and (16) into it gives (16) Consider the following Lyapunov function candidate: (11) and (13) into Eq. (15) gives 
Differentiating Eq. (17) with respect to time and substituting Eqs. (14) and (16) 
Since 0 r  in the terminal guidance phase, one can imply that 19) where r 0 denotes the initial relative range between the missile and the target.
Note that 1-ρ<0, we can obtain: candidate: (20) which implies that both s and  are ultimately uniformly bounded. 
Differentiating Eq. (21) with respect to time and substituting Eq. (16) into it yields: (20) which implies that both s and  are ultimately uniformly bounded.
Next, consider the following Lyapunov function candidate 
From Eq. (14) one can note that From Eq. (14) one can note that
, and
where  is an arbitrarily small constant. Then, it gives corresponding desired values in finite time, and the design parameters mentioned above can be tuned to regulate the convergence rate. Furthermore, due to the use of boundary layer technique, no chattering occurs in the control channel.
Conclusion
This paper presented a new adaptive NTSM based guidance law with terminal angle constraints for maneuvering targets. By virtue of the new adaptive law, no information about the target maneuvering is required for implementation of the proposed guidance law. Using Lyapunov method, the finite-time convergence of the closed loop guidance system was guaranteed. Furthermore, this kind of guidance law can be used for target observability enhancement via the LOS angular rate shaping approach. Future works includ adding other constraints, such as impact time, into the proposed method. 
